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Pham, Tri M., Suzanne Nurse, and Jean-Claude Lacaille. Distinct lotti and Nistri 1991). In the hippocampus, GABA is re-GABA B actions via synaptic and extrasynaptic receptors in rat hippo-leased primarily from interneurons and interacts with two campus in vitro. J. Neurophysiol. 80: 297-308, 1998 . Intracellular receptor subtypes on pyramidal cells: GABA A and GABA B recordings were obtained from pyramidal cells to examine g-aminobu- (Thompson 1994) . GABA A receptors are ionotropic receptyric acid-B (GABA B )-mediated synaptic mechanisms in the CA1 tors that are antagonized by bicuculline and picrotoxin and region of rat hippocampal slices. To investigate if heterogeneous ionic insensitive to baclofen. They mediate a well-characterized mechanisms linked to GABA B receptors originate from distinct sets postsynaptic inhibition via an increase in Cl 0 conductance of inhibitory fibers, GABA B -mediated monosynaptic late inhibitory and provide most of the fast inhibitory signaling in the CNS postsynaptic potentials (IPSPs) were elicited in the presence of antagonists of ionotropic glutamate and GABA A receptors and of an inhibitor (Nicoll et al. 1990; Sivilotti and Nistri 1991) . GABA B recepof GABA uptake and were compared after direct stimulation of inhibi-tors are metabotropic receptors at which baclofen is an agotory fibers in three different CA1 layers: stratum oriens, radiatum, and nist but which are not antagonized by bicuculline (Bowery lacunosum-moleculare. No significant differences were found in mean 1993; Kaupmann et al. 1997) . GABA B receptors mediate a amplitude, rise time, or time to decay to half-amplitude of IPSPs slow type of postsynaptic inhibition via G-protein activation evoked from the three layers. Mean equilibrium potential (E rev ) of late and an increase in K / conductance (Dutar and Nicoll
IPSPs was similar for all groups and close to the equilibrium potential 1988a,b; Nicoll et al. 1990 ). GABA B receptors also are loof K / . Bath application of the GABA B antagonist CGP55845A cated presynaptically on GABA and glutamate fibers where blocked all monosynaptic late IPSPs. During recordings with micropithey mediate inhibition of transmitter release (Nicoll et al. pettes containing guanosine-5-O-(3-thiotriphosphate) (GTPgS), the mean amplitude of all GABA B IPSPs gradually was reduced. Bath 1990; Thompson 1994) . These presynaptic actions appear application of Ba 2/ completely eliminated monosynaptic late IPSPs to involve both a negative modulation of Ca 2/ currents evoked from any of the stimulation sites. Late IPSPs were blocked (Dunlap 1981; Wu and Saggau 1997) and activation of K / completely during Ba 2/ applications that reduced the GABA B -medi-currents (Thompson and Gähwiler 1992) . Overall, activaated hyperpolarizations elicited by local application of exogenous tion of GABA B receptors may result in either a decrease or GABA only by Ç50%. These results indicate that heterogenous K / an increase in pyramidal cell excitability depending on which conductances activated by GABA B receptors do not originate from receptors are being activated (i.e., postsynaptic vs. presynapseparate sets of inhibitory fibers in these layers. To examine if synchrotic on GABA or glutamate fibers).
nous release of GABA from a larger number of inhibitory fibers could activate heterogeneous GABA B mechanisms, giant GABA B IPSPs Although baclofen and GABA similarly increase an inwere induced by 4-aminopyridine (4-AP) in the presence of antago-wardly rectifying K / conductance that is blocked by Ba 
and -insensitive K / conductances, whereas baclofen only activated Ba 2/ -sensitive conductances (Pham and Lacaille g-aminobutyric acid (GABA) is the most prevalent inhibitory neurotransmitter in the brain (Nicoll et al. 1990; Sivi-1996a Our results indicate that synaptically released GABA only
Whole cell recordings were obtained as described previously
activates Ba 2/ -sensitive K / conductances, whereas exoge- (Ouardouz and Lacaille 1997) . Hippocampal slices (300 mm) were nous GABA can activate both Ba 2/ -sensitive and -insensi-cut in cold (4ЊC) ACSF using a vibratome (Campden Instrutive K / conductances. These results imply that synaptic and ments). Slices were transferred to a submerged holding chamber extrasynaptic GABA B receptors may be coupled to different and maintained in ACSF at room temperature for ¢1 h. Before K / conductances. Preliminary reports of this work have been recording, a cut was made between CA1 and CA3 subfields, and presented in abstract form (Lacaille and Pham 1996; Pham a slice was placed in a recording chamber on an upright microscope (Zeiss Axioskop). The slice was maintained submerged and perand Lacaille 1995 Lacaille , 1996b ).
fused at a rate of 3 ml/min with ACSF at room temperature. Patch pipettes (3.5-6 MV) were filled with (in mM) 140 K-gluconate, 1996a; Samulack et al. 1993) . Briefly, male SpragueWhole cell voltage-clamp recordings were obtained using an AxoDawley rats (125-250 g) were anesthetized with ether and decapipatch 1D amplifier (Axon Instruments) with low-pass filtering at tated. The brain was removed quickly from the skull and placed 10 kHz (03 dB), from CA1 pyramidal cells visually identified in ice-cold, artificial cerebrospinal fluid (ACSF) composed of (in using differential interference contrast and infrared video microsmM) 124 NaCl, 5 KCl, 1.25 NaH 2 PO 4 , 2 MgSO 4 , 2 CaCl 2 , 26 copy (Cohu 6500). Mean resting membrane potential was NaHCO 3 , and 10 dextrose, saturated with 95% O 2 -5% CO 2 . The 059.5 { 1.8 mV and mean series resistance was 13.0 { 2.5 MV hippocampus was dissected out, and transverse slices were cut (n Å 6). GABA B currents were isolated by perfusing the slices using a McIlwain tissue chopper. Slices were placed in a gas/fluid with PO 4 /SO 4 -free ACSF containing 50 mM bicuculline, 50 mM interface chamber where their upper surface was exposed to a picrotoxin, 40 mM CNQX, and 100 mM AP-5. To evoke monosynwarm, humidified gas mixture (95% O 2 -5% CO 2 ) and were mainaptic late GABA B IPSCs, trains of stimuli (20 pulses, 100 Hz) tained at 32 { 0.5ЊC. They were perfused initially with normal were delivered to stratum radiatum using ultra-small concentric ACSF and subsequently with PO 4 /SO 4 -free ACSF (NaH 2 PO 4 and bipolar microelectrodes (Frederick Haer, . Late IPSCs MgSO 4 replaced with MgCl 2 ) containing antagonists of GABA A were further low-pass filtered at 1 kHz using an eight-pole Bessel receptors [50 mM bicuculline (BIC) and 50 mM picrotoxin (PIC)], filter (Frequency Devices 900 L). of N-methyl-D-aspartate (NMDA) receptors (100 mM 2-amino-5-GABA (5 mM) was diluted in ACSF containing GABA A , phosphonopentanoic acid, AP-5) and non-NMDA receptors (40 mM 6-cyano-7-nitro-quinoxaline-2,3-dione, CNQX) for the dura-NMDA, and non-NMDA antagonists and applied locally in stratum radiatum to dendrites of CA1 pyramidal cells by micropressure (drop diameter 50-100 mm). The K / channel blocker Ba 2/ (1 mM) and the GABA B receptor antagonist CGP55845A (1 mM, Ciba-Geigy) were bath applied. Action potential duration was monitored routinely during Ba 2/ application to verify antagonist effects on K / channels. Chemicals were obtained from Sigma unless otherwise noted.
For statistical analyses, a one-way analysis of variance (ANOVA) was used to test for differences between means of three groups (differences between stimulation sites). A one-way ANOVA for repeated measures was performed for assessing drug effects on three groups. A paired Student's t-test was used to compare means of single groups before and after treatment. Significance level was set at P õ 0.05. Data are expressed as means { SE.
R E S U L T S
Monosynaptic and 4-AP-induced late IPSPs were examined in 84 pyramidal cells. For these cells, the mean resting V m was 061.0 { (SE) 0.6 mV, input resistance was 36.9 { 1 MV, and action potential amplitude was 87.1 { 0.7 mV.
Properties of monosynaptic late IPSPs
To isolate monosynaptic GABA B -mediated IPSPs, electrical stimulation of inhibitory cells was applied in the presence of antagonists of GABA A , NMDA, and non-NMDA receptors and an inhibitor of GABA uptake (Davies et al. 1990; Isaacson et al. 1993) . To examine if postsynaptic GABA B responses originating from different populations of inhibitory cells were similar, we compared the properties of monosynaptic late IPSPs evoked from three different strata: OR, RAD, and L-M. We found that responses evoked from these three sites were generally similar and no significant differences were found in either amplitude or time course between each group (Fig. 1) . The overall mean amplitude, rise time, and time to decay to half-amplitude of monosynaptic late IPSPs were 04.5 { 0.2 mV, 99.6 { 7.1 ms, and 210.3 { 21.3 ms, respectively (n Å 38). Monosynaptic late IPSPs from each stimulation site appeared to result from outward K / currents. There were no significant differences between the E rev of monosynaptic late IPSPs evoked from each site (Fig. 1) , and the overall mean equilibrium potential was 092.3 { 2.6 mV (n Å 27). Response reversal usually was not seen for these monosynaptic late IPSPs in the range of GABA B antagonist CGP55845A (1 mM) was bath applied mM 2-amino-5-phosphonopentanoic acid (AP-5), 40 mM 6-cyano-7-nitro- (Davies et al. 1993 ). All monosynaptic late IPSPs were quinoxaline-2,3-dione (CNQX), and 1 mM nipecotic acid (NIP). IPSPs antagonized by CGP55845A within 10 min of application. evoked from the 3 different sites had similar amplitude, rise time, and The mean IPSP amplitude was reduced by 105.5% for IPSPs recovery time. B: in another representative cell, the peak amplitude of monosynaptic late IPSPs (s. oriens stimulation) decreased at hyperpolarized evoked from SO (n Å 5 cells), by 107.1% for IPSPs evoked membrane potentials and became null near 094 mV. C: summary histofrom RAD (n Å 5 cells), and by 106.9% for IPSPs evoked grams for all cells tested. Mean amplitude, risetime, time to decay to halffrom L-M (n Å 4 cells) (Fig. 2) . The effects of CGP55845A amplitude, and equilibrium potential were not significantly different bewere not reversible and IPSP amplitude did not recover after tween IPSPs evoked from the 3 layers. 30-90 min of washout of the antagonist.
To examine the involvement of G proteins in monosynap-potential hyperpolarization, presumably due to GTPgS activation of K / conductances, was compensated by positive tic late IPSPs, recordings were made with microelectrodes containing 25 mM GTPgS to irreversibly activate G proteins current injection. During recordings with microelectrodes containing GTPgS, the amplitude of monosynaptic late and block their subsequent activation by GABA B receptors (Andrade et al. 1986; Thalmann 1988) . Gradual membrane IPSPs evoked by stimulation of any of the three sites became J942-7 / 9k2a$$jy12 06-15-98 13:54:08 neupa LP-Neurophys the three layers, were similarly blocked, indicating that they were generated by potassium conductances that were uniformly sensitive to Ba 2/ (n Å 19). The only Ba 2/ -resistant component of synaptic responses consisted of a depolarizing component with faster rise time and decay (e.g., Fig. 4A ) than monosynaptic late IPSPs. The nature of this depolarizing component was not characterized further.
Because no Ba 2/ -resistant component was found in monosynaptic late IPSPs, GABA was applied locally to verify that Ba 2/ -resistant GABA responses were present in these cells. As previously shown (Pham and Lacaille 1996a) , local application of GABA to CA1 pyramidal cells elicited GABA B hyperpolarizing responses that were reduced in amplitude by Ç50% in Ba 2/ (Fig. 4C ). In the same cells (n Å 7), whereas GABA B responses were only partially blocked after 25 min of perfusion with Ba 2/ , monosynaptic late IPSPs were completely blocked (Fig. 4D) . Therefore whereas monosynaptic late IPSPs were mediated by Ba 2/ -sensitive K / conductances, GABA B responses, in the same cells, consisted of Ba 2/ -sensitive and -insensitive components (Pham and Lacaille 1996a) .
To verify that Ba 2/ effects on monosynaptic late IPSPs did not arise from presynaptic effects on transmitter release, control experiments were conducted on biphasic GABA A and GABA B monosynaptic IPSPs in the absence of the GABA A antagonists bicuculline and picrotoxin. Under these conditions, electrical stimulation of inhibitory cells and fibers (in the presence of AP-5 and CNQX) gave rise to biphasic IPSPs, consisting of an early GABA A and a late GABA B component (Fig. 5A ). Bath application of 1 mM Ba 2/ suppressed only the late GABA B component of monosynaptic IPSPs while the early GABA A component remained intact (Fig. 5, n Å 2 of voltage-activated K / channels; this causes rhythmic and synchronized bursting activity in GABAergic interneurons smaller with time (Fig. 3) . IPSP amplitude, compared at 15 ( Michelson and Wong 1994 ) , increases GABA release and 60 min after cell impalement, was reduced by 92.6% from axon terminals ( Buckle and Haas 1982 ) , and induces for IPSPs evoked from SO (n Å 3), by 91.7% for IPSPs giant spontaneous GABA IPSPs in hippocampal neurons evoked from RAD (n Å 3), and by 95.5% for IPSPs evoked ( Jarolimek and Misgeld 1993; Jarolimek et al. 1994 ; Mifrom L-M (n Å 3; Fig. 3 (Fig. 4) . of 4-AP -induced IPSPs were 07.9 { 0.4 mV, 233.7 { 17.9 ms, and 588.6 { 48.4 ms, respectively ( n Å 22 cells 4-AP -induced IPSPs were reduced in amplitude at hyper-to 6.9 { 3.8% of initial responses (Fig. 8 , n Å 5 cells). In contrast, in control recordings with KAc-filled electrodes, polarized membrane potentials ( Fig. 6 ) . The mean E rev of 4-AP-induced late IPSPs showed no such reduction in am-4-AP -induced late IPSPs was 0103.8 { 3.7 mV ( n Å 8 plitude after 60 min of recording (Fig. 8 , n Å 3 cells). cells ) . Response reversal was usually not seen for 4-APinduced late IPSPs in the range of membrane potentials tested ( up to 0110 mV).
Effects of Ba 2/ on 4-AP-induced late IPSPs and on
To verify that 4-AP-induced late IPSPs were mediated GABA responses by GABA B receptors, the GABA B antagonist CGP55845A (1 mM) was bath applied. 4-AP-induced late IPSPs diminTo examine if K / conductances underlying 4-AP-inished in amplitude usually within 15 min of application of duced late IPSPs were heterogeneous in terms of Ba 2/ sensi-CGP55845A and gradually disappeared. (Fig. 7 , n Å 3 tivity, 1 mM Ba 2/ was bath-applied. In the presence of Ba 2/ , cells). The block of IPSPs by CGP55845A was not revers-4-AP-induced late IPSPs gradually diminished in amplitude ible with 45-60 min of washout (n Å 3 cells). These data to a mean of 60.3 { 11.0% of control after 15 min (Fig. 9 , demonstrate that the 4-AP-induced late IPSPs in our re-n Å 9 cells). After 25 min in Ba 2/ , 4-AP-induced late cording conditions were GABA B receptor mediated.
IPSPs were blocked completely (Fig. 9 , n Å 8 cells). Mean To confirm the involvement of G proteins in the 4-AP-amplitude of 4-AP-induced late IPSPs recovered to 67.1 { induced late IPSPs, recordings were made with electrodes 4.1% of control after 60 min of wash (Fig. 9, n Å 8 amplitude, whereas 4-AP-induced late IPSPs were reduced lation (20 pulses at 100 Hz), in ACSF containing CNQX, AP-5, BIC, and PIC. Late IPSCs were recorded as outward to 31.2 { 4.7% of control amplitude (Fig. 9 , n Å 3 cells). After 30 min in Ba 2/ , GABA responses were further reduced currents at holding potentials of 040 mV (Fig. 10) and were blocked by CGP55845A (data not shown). Bath application to 43.1 { 6.9% of control amplitude (Fig. 9) , whereas 4-AP-induced late IPSPs completely disappeared. The 4-AP-of 1 mM Ba 2/ blocked these monosynaptic late IPSCs by Ç90% (Fig. 10 , n Å 6 cells). These effects of Ba 2/ were induced late IPSPs recovered to 79.7 { 3.1% of control amplitude after 60 min of washout, whereas GABA re-partially reversible on washout (n Å 4 cells). These results suggest that synaptically released GABA does not activate sponses recovered to 56.9 { 13.8% of control amplitude (n Å 3 cells). These results demonstrate that Ba 2/ -resistant GABA B receptors linked to Ba 2/ -resistant K / conductances even when GABA release is increased by such stimulus GABA B responses were elicited by GABA in cells showing no Ba 2/ -resistant component in 4-AP-induced late IPSPs. trains.
D I S C U S S I O N

Effects of Ba 2/ on monosynaptic late IPSCs evoked by repetitive stimulation
The major findings of the present study were that electrical stimulation of inhibitory fibers in various dendritic layers of To examine if Ba 2/ -resistant K / conductances could be activated in conditions when GABA release was increased CA1 pyramidal cells, or 4-AP-induced synchronous release of GABA from multiple inhibitory fibers, produced GABA Bsuch that GABA could spill over to extrasynaptic sites (Isaacson et al. 1993 The present results showed that similar GABA B -mediated monosynaptic late IPSPs were elicited by stimulation of inhibitory fibers in any dendritic layers of CA1 pyramidal cells: s. oriens, radiatum, or lacunosum-moleculare (Andrade et al. 1986; Dutar and Nicoll 1988a,b; Jarolimek et al. 1993; Pham and Lacaille 1996a; Thalmann 1988) . In addition, these monosynaptic late IPSPs were completely blocked by Ba 2/ . Thus synaptic release of endogenous GABA arising from single electrical stimulation of inhibitory fibers in any dendritic layer of the CA1 region activated GABA B receptors coupled only to Ba 2/ -sensitive K / conductances. The absence of a Ba 2/ -resistant component in monosynaptic late IPSPs was not due to an absence of Ba 2/ -resistant K / conductances because the latter were elicited by exogenous GABA in the same cells. The block of monosynaptic late IPSPs could not be attributed to presynaptic actions of Ba 2/ on GABA release because Ba 2/ selectively suppressed the late component of biphasic monosynaptic conductances differentially sensitive to Ba 2/ . These differences in responses evoked by exogenous and synaptically released GABA suggest the presence of GABA B receptors located at synaptic and extrasynaptic sites that are coupled to distinct K / conductances in hippocampal CA1 pyramidal cells.
Monosynaptic activation of GABA B -mediated K / conductances by electrical stimulation
Local application of GABA activates GABA B receptors linked to two types of K / conductances that can be distinguished on the basis of their sensitivity to Ba 2/ in CA1 pyramidal cells (Pham and Lacaille 1996a) . In contrast, local application of baclofen was found to open K / conductances homogeneously sensitive to Ba 2/ (Gähwiler and Brown 1985; Newberry and Nicoll 1985; Pham and Lacaille 1996a) . Thus exogenous GABA may activate two types of GABA B receptors linked to two types of K / conductances (Pham and Lacaille 1996a) . These results were consistent with previous findings that selective activation of interneurons in s. lacunosum-moleculare by local injection of glutamate produced GABA B -mediated hyperpolarizations in CA1 IPSPs without blocking the early component (Knowles et Misgeld 1993; Jarolimek et al. 1993 Jarolimek et al. , 1994 Misgeld et al. 1992; Perreault and Avoli 1989) . The equilibrium potential al. 1984; Lambert et al. 1991; Williams and Lacaille 1992) . Other presynaptic actions of Ba 2/ that could have influenced of 4-AP-induced late IPSPs was close to E K but more hyperpolarized (about 0100 mV) than that of monosynaptic late GABA release were its blocking actions on K / conductances, however, these would have led to increases in trans-IPSPs ( Ç 090 mV). Other investigators have observed similar E rev of 4-AP-induced late IPSPs (Jarolimek et al. 1993, mitter release. Previous studies of Ba 2/ effects on GABA Bmediated IPSPs reported variable effects with partial to com-1994; Misgeld et al. 1992) and attributed them to the blocking actions of 4-AP on K / conductances (Misgeld et plete block of polysynaptic late IPSPs by bath application of 1-2 mM Ba 2/ (Alger 1984; Knowles et al. 1984 ). However, al. 1992 Thesleff 1980) , to induce a synchronization of hippocampal inhibitory interneurons (Michelson Synaptic and extrasynaptic GABA B receptors and Wong 1994; Segal 1987) , and to produce giant synchronous GABA B IPSPs (Jarolimek and Misgeld 1993; Perreault The absence of coupling of synaptically released GABA to Ba 2/ -insensitive K / conductances is in contrast to the and Avoli 1989; Segal 1987). Bath application of 4-AP generated spontaneous late IPSPs with an amplitude and responses of pyramidal cells to exogenous GABA that are coupled to both Ba 2/ -sensitive and -insensitive K / conductime course double that of monosynaptic late IPSPs, indicating that more GABA was being released (Jarolimek and tances (Pham and Lacaille 1996a / channels in hippocampal neurons. apparent discrepancy. First, the differences in Ba 2/ effects Using nonstationary variance analysis, synaptically released in the two studies may be due to the different methods of GABA has been reported to activate small conductance application of Ba 2/ . In the present study, bath application of Ba 2/ ensured a homogeneous application to the slice, channels (Ç8 pS) (De Koninck and Mody 1997) , whereas during single channel recordings exogenous GABA has been whereas in the previous study, local drop application was used. Thus in the latter case, the preferential block of electrifound to open large conductance K / channels (Ç65 pS) (Premkumar and Gage 1994). Thus GABA B receptors or cally evoked, and not of glutamate-evoked, late IPSPs (Wil-needs to exceed that evoked by 20 pulses stimulation for spillover to reach extrasynaptic GABA B receptors. Bonnano and Raiteri (1993a,b) have proposed a classification for heterogeneous GABA B receptors, based primarily on GABA B inhibition of transmitter release in the CNS. In this classification, two main subtypes of GABA B receptors have been differentiated: GABA B1 receptors that are baclofen sensitive and GABA B2 receptors that are baclofen insensitive. We have shown previously that Ba 2/ -sensitive and liams and Lacaille 1992) could have been due to a restricted regional block of K / conductances. However, this possibility is difficult to reconcile with the observation of similar blocking effects by local drop application of a GABA B antagonist (2-OH-saclofen) on both electrically and glutamateevoked late IPSPs in the same study (Williams and Lacaille 1992) . Alternatively, these differences may be due to the different modes of stimulation. In the present study, single which probably involved a more sustained presynaptic acti-fluid containing CNQX, BIC, and PIC (top, control) . After the vation of inhibitory cells (Samulack et al. 1993) , was used addition of 1 mM Ba 2/ , train-evoked late IPSCs were reduced to 11% of in the previous study (Williams and Lacaille 1992 
GABA B receptor heterogeneity
